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Abstract 
In this paper a state space model of VAV air-conditioning system is developed. It is found that the dynamic model is 
formulated as nonlinear system. To obtain good control performance, a novel control method, direct feedback linear 
(DFL) is applied for the nonlinear model of VAV air-conditioning system. Then DFL control system of VAV system 
is designed and simulated based on SIMLINK. In order to show that the DFL control strategy has better performance 
than conventional PID control, a comparison has also been made between the performance of conventional PID and 
the novel control strategy. The results show that DFL control system is better than conventional PID control system 
in celerity, stability and other aspects.  
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1. Introduction  
The social expectation of progressive increasing living standards has lead to the wider use of air 
conditioning in the built environment being principally justified on the grounds of achieving an improved 
level of occupant comfort. A wide variety of air conditioning system types and sub-types are available to 
the HVAC. All air system have been, and remain, widely used in commercial air conditionings 
application Comparing with CAV system, VAV system can save energy by 30%~70% [1]. So VAV air 
conditioning technology is universally accepted as means of achieving an energy and comfortable 
environment. But the performances of VAV system lies on how to vary supply air volume, that is, control 
strategy of air volume have a strong effect on energy consumption. 
Traditional PID controllers have been in use for HVAC systems for a longtime. Matsuba [2] carried 
out a parametric analysis of the stability of traditional PID controllers to avoid the hunting phenomenon 
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using a bilinear model. House [3] developed an optimal control strategy which determines the minimum 
operating cost for the system to achieve a desired comfort level. The governing equations were derived by 
applying the principles of conservation of mass and energy. A quadratic cost function in terms of the 
components of HVAC was formulated on the basis of energy usages and the same was minimized. 
Semsar [4] formulated a bilinear model of a HVAC system and presented a design of reduced order state 
and thermal load observer based on the model. Serrano [5] designed a nonlinear disturbance rejection 
controller using Lyapunov stability theory for bilinear model of VAVAC. Zaheeruddin and Patel [6] 
designed an optimal control law based on a reduced order model, which was then implemented on a full 
order nonlinear system.  
Most of the research work mentioned above is based on a linearized mathematical model of the HVAC 
system and the controller design is based on linear quadratic regulator theory or traditional PID 
controllers. 
The purpose of this paper is that a novel control method of DFL [7-9] is applied to VAV air-
conditioning system, which can compensate for nonlinearity of the VAV system.  
2. System Description and Mathematic Model  
2.1 System Description 
The VAV system considered in this study is shown in Fig.1.The intake fresh air mixed with part of 
return air is cooled or heated and supplied into zone through air duct to maintain indoor air temperature, 
which the supply air volume varies with the heat or cold load simultaneously to maintain air temperature 
at set value. Supply air volume is adjusted by changing the opening area of valve in duct according to the 
difference between set value and real indoor air temperature 
Air 
valve
Supply air 
duct
Sensor
Controller
 
Figure 1. Schematic of a VAV system 
2.2 State Space Model of VAV System 
In fact air-conditioning room should be considered as a system with distribution parameters. But 
modeling become complex and is not applicable for designing controller. To be simple, VAV system has 
been modeled based on lumped capacity considerations employing fundamental conservation equations of 
mass and energy with the following assumptions: 
1. Humidity and indoor air quality are not controlled. 
2. Heat transfer at the interior and exterior surface of a zone is modeled using constant heat transfer 
coefficients. 
3. Air has a uniform velocity and temperature throughout a zone. 
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According to conservation principle of energy, the heat balance of air control volume can be 
represented that change rate of energy stored in the zone air is equal to the difference between energy 
entering into the room and leaving the room [11, 12]. So the equation of heat balance can be written as: 
 τd
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Where: 
nT  refer to Indoor air temperature, rC  refer to heat capacity, /kg·℃； inaQ ,  refer to energy entering 
into room, W； outaQ , is energy leaving from room, W; sourceQ is convective internal gains, W; transferQ  
refer to convective heat transfer of the room surfaces, W; G refer to supply air volume, kg/s; pC refer to 
specific heat, J/kg.℃; sT refer to supply air temperature,℃; K refer to coefficient of heat transfer，
W/m2·℃; A refer to area of envelope，m2； zT refer to solar-air temperature,℃; nα refer to convection 
coefficient,W/m2.℃; τ,nTΔ refer to temperature fluctuation of interior surface,℃. 
 
Substituting (2) into (1), the dynamic equation can be obtained as follow: 
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Inner heat gain in (4), including people, electric device and other equipments and convection heat gain 
of interior surface of envelope, can be consider as disturbances. And define state variable as nTx = , input 
variable as uG = , and disturbance variable as: 
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Thus the governing equation of indoor contamination can be written as 
 p s p
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Indoor air temperature is controlled variable and chosen as output variable, then output function can be 
written as: 
 ( ) xxhy ==  (7) 
Simulation is carried out using the developed state space model. It is observed that for the given input 
conditions, the test indoor air temperature is found to be the same as in the experiments. Thus it is 
observed that the formulated state space model is able to predict indoor air temperature reasonably well at 
least under steady state. 
Obviously, it is difficult to design controller and analyze control performance of the system described 
by (4). But if the system can be transform into simple linear system by mathematic method, designing 
control strategy will be simplified. 
2.3 DFL Control 
The central idea of this approach is to algebraically transform nonlinear system dynamics into a linear 
system. Feedback linearization has been used successfully in control of many high performance systems 
such as helicopters, high speed aircrafts, etc. The application of feedback linearization to HVAC systems 
is rare. Here we design a control law based on input–output linearization. This amounts to the generation 
of a linear differential relation between the output and a new input. The output is differentiated until the 
input u appears in the equation in a linear fashion. 
In general, a nonlinear system is represented by: 
 ( ) ( ) ( )[ ]tUtXftX ,=  (8) 
Where ( )tX is vector of state variable; ( )tU is vector of input; f is function vector. 
The key issue is that whether there are proper nonlinear feedback control and coordination transform, 
which can be given by: 
 ( )VXGU ,=  (9) 
 ( )XTZ =  (10) 
The combination of (8) to (10), the system described by equation (8) can be transformed as: 
 BVAZZ +=  (11) 
If output functions ( )Xyi  are chosen, according to theorem of differential equation, equation (8) can 
be transform to high-order differential equation: 
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If introducing new input variable iv , and substituting for the right side of equation (12), the system is 
transformed as: 
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Where ( )tUyyyyfv rmrmii m ,,,,,,, 1111 1 """ −−= .  
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New state variable is chosen as follow: 
 [ ] ( )XTZZZ m == ,,1 "  (14) 
Where [ ] [ ]TriiTirii iyyzzZ 11 ,,, 1 −== ""  
Then the state space equation can be given by: 
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2.4 Application of DFL 
Differentiate output variable with respect to time, and then make the right side of (7) equal to a new 
input variable v , the following expression can be obtained 
 
( )p s
r r
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C C
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A linear system can be obtained: 
 y v=  (17) 
The solution of origin input variable solution can be given as follow 
 ( )
r
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 (18) 
2.5 Controller Design 
The approach of DFL implements linearization between input and output. So conventional PID control 
arithmetic can be used and presented as follow: 
 ( )ref dv k y y k y= − − −   (19)
Where k and dk is proportion coefficient and differential coefficient respectively. 
3. Simulation Result and Discussion 
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A typical air-conditioning room is chosen as a simulation object. The volume of the typical room 
is 31440mV = . The heat capacity per unit temperature difference is given by KkWKA /5.0= . The density 
of air is 3/2.1 mkg=ρ . The specific heat of air is ( )KkgkWC p ⋅= /01.1 . The disturbances contain 
periodically varying in ambient temperature and internal heat gain, including people, electric device and 
other equipments. Outdoor disturbance can be simply as first order normal wave: take Qingdao as 
example, ( )22515cos8.12.27 −+= τwT , internal disturbance can be expressed 
as: ( )⋅×+= randomkWkWQsource 1.44.16 . Supply air volume is limited between 2 skg / to 4 skg / . In 
order to compare to conventional PID controller, a simulation model is established based on 
MATLAB/SIMLINK, nonlinear feedback controller and PID controller are adopted to act on this air-
conditioning system respectively. 
It is assumed that the initial indoor temperature is 30℃, simulation time is 18000s, initial set value of 
air temperature is 26℃; at the time of 4000s air temperature sets to 23℃ and set back to 26℃ at the time 
of 8000s. Response time, overshoot and steady error are investigated respectively. The response curve to 
variety in temperature using above two control strategy is shown in Fig 2. 
 
Figure 2. Simulated responses to variety in temperature using two control method 
Fig.2 show the simulated response of indoor air temperature to variety in set value using conventional 
PID control and nonlinear feedback control respectively. It is note that strenuous surge of indoor air 
temperature takes place about set value at transitional stage using conventional PID controller. But 
nonlinear feedback controller can reach the set value with no overshoot. Furthermore conventional PID 
control system has large overshoot, and indoor air temperature fluctuates largely at the steady state on the 
condition of the same input signal. It is also noted that rangeability of air temperature is very small and 
have lesser adjust time using nonlinear feedback control. The following twice variations in set value, the 
conventional controller and nonlinear feedback controller can trail after input signal. The nonlinear 
feedback controller, however, reaches the set value with no overshoot. The conventional PID controller 
goes to set value with vibration. So it can be concluded that nonlinear feedback controller can trail after 
the variations in set value and restrain the ambient and indoor disturbance comparing with conventional 
PID controller. 
4. Conclusion  
Through analyzing indoor air temperature system the proposed VAV system has a variety of system 
configurations such as different operating conditions and varying environmental conditions. To obtain the 
desired dynamic performance one needs to design the controller based on an accurate system model. So 
1254  Zhigang Shi et al. / Physics Procedia 24 (2012) 1248 – 1254
Author name / Physics Procedia 00 (2011) 000–000 
VAV air-conditioning system model is developed and validated experimentally. Then DFL is applied to 
compensate for nonlinearity in the dynamics. The proposed model elucidates the dynamic relation 
between the indoor air temperature and air volume. Comparison between conventional PID control and 
DFL control strategy, the simulations described herein demonstrate that even with large disturbances and 
changes in set points, the proposed DFL can achieve the desired performance.  
The main advantage of the proposed control technique is a much easier design procedure as there is no 
need for tuning of control gains over a wide range of operations. Thus it may be concluded that feedback 
linearization based control can be a viable methodology for VAV air conditioning systems for cooling 
applications.  
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